Abstract Our previous studies demonstrated a significant decline in brain function and behavior in Fischer 344 (F344) rats with age. The present study was designed to test the hypothesis that dysregulation in calcium homeostasis (as assessed through 45 Ca flux) may contribute to the increase in age-related vulnerability to oxidative stress in brain regions, and result in a deficit in behavior-mediated signaling. Crude membrane (P-2) and more purified synaptosomal fractions were isolated from the striatum, hippocampus, and frontal cortex of young (6 months) and old (22 months) F344 rats and were assessed for calcium flux and extracellular-regulated kinase activity 1 (ERK) under control and oxidative stress conditions induced by low dose hydrogen peroxide (final concentration 5 μM). The level of oxidative stress responses was monitored by measuring reactive oxygen species (ROS) and glutathione (GSH). The results showed a significant difference in oxidative stress responses between young and old rats in evaluated brain regions. Old rats showed higher sensitivity to oxidative stress than young rats. The present findings show the differential effects of oxidative stress on calcium flux in brain regions with age that are dependent upon the brain areas examined and the fraction assessed. The accumulation of ROS and the decrease in GSH in the frontal cortex were sufficient to decrease ERK activity in old rats. This is the first study, to our knowledge, that demonstrates age-related differential sensitivity to oxidative stress expressed as a function of behavior-mediated signaling and stress levels among different fractions isolated from brain regions controlling behavior.
related increase in vulnerability to oxidative stress in brain regions. Substantial evidence shows that multiple brain calcium regulatory mechanisms change with age (Peterson and Gibson 1983; Landfield et al. 1992; Khachaturian 1994; Thibault and Landfield 1996; Thibault et al. 1998 Thibault et al. , 2001 ; for review, see Toescu et al. 2004) . Declines in calcium regulatory mechanisms with a subsequent increase in calcium entry, and decreases in calcium clearance result in elevated cytosolic calcium in neuronal cells (Verkhratsky et al. 1994; Verkhratsky and Petersen 2002) . High cytosolic calcium is associated with substantial decreases in synaptic plasticity, as well as neuronal dysfunction and death (Khachaturian 1994; Verkhratsky and Toescu 1998; Thibault et al. 2001; Verkhratsky and Petersen 2002; Blalock et al. 2003) . Our previous results have shown the involvement of calcium dysregulation in increased cellular sensitivity to oxidative stress induced by low dose hydrogen peroxide (5 μM) (Denisova et al. , 1999 . Oxidative stress impaired the ability of the cells to extrude or sequester calcium (recovery) and significantly decreased cellular viability (Joseph and Fisher 2003; Joseph et al. 2004) .
Prior research suggests that vulnerability to oxidative stress with age results from a greater accumulation of reactive oxygen species (ROS) (Harman 1956; Carrillo et al. 1992; Beckman and Ames 1998; Baek et al. 1999; Yoon et al. 2002; Webber et al. 2005; Liu et al. 2007) . ROS have been proposed to act as second messengers in redox-sensitive signal transduction pathways and can damage biomolecules. Reactive oxygen intermediates, represented in the text as ROS, including superoxide radical, hydrogen peroxide and hydroxyl radical, are produced mainly in mitochondria. ROS act as physiological modulators of some mitochondrial functions, but may also damage mitochondria. In this respect, the excess of oxygen-driven radicals have been implicated in neuronal injury and neuronal death.
Antioxidants, such as glutathione (GSH), ascorbic acid, and vitamin E play an important role in neuronal defense against radical-induced damage. In this respect, the pivotal role for GSH in the defense against oxidative stress is well documented (Cooper and Kristal 1997; Rice et al. 2002; Dringen and Hirrlinger 2003; Jenner 2003; Maher 2005; Liu et al. 2007) . Earlier studies report a synergistic effect between aging and oxidative stress on GSH levels (Benzi et al. 1989 (Benzi et al. , 1990 . Our research also demonstrated an important role of GSH in possibly preventing motor and cognitive behavioral changes in Fischer 344 (F344) rats (Shukitt-Hale et al. 1997 . Shukitt-Hale and colleagues showed that experimentally-induced reductions in brain GSH levels via intracerebroventricular injections of buthionine sulfoximine followed by dopamine produced deficits in motor and cognitive behavior in young animals similar to those seen in old animals (Shukitt-Hale et al. 1997 .
Mechanistically, it appears that depletion of brain GSH has been implicated as important determinant of behavior-mediated signaling, including regulation of extracellular-regulated kinase activity I (ERK). A number of studies have reported abundant expression of ERK in brain tissue and the role of this enzyme in neuronal plasticity and memory formation (Bozon et al. 2003 ; for review, see Thiels and Klann 2001) . A significant decrease in ERK's activity has been observed in brain tissue with normal aging and agerelated neurodegeneration (Zhu et al. 2001 (Zhu et al. , 2002 (Zhu et al. , 2006 Webber et al. 2005) . Oxidative stress has been suggested as a possible factor contributing to the deficit in ERK activity (Guyton et al. 1996; Tournier et al. 1997; Gupta et al. 1999; Zhu et al. 2001 ). The present study was designed to test the hypothesis that dysregulation in calcium homeostasis (as assessed through Ca 45 flux) may contribute to the increase in age-related vulnerability to oxidative stress in brain regions, and result in the deficit in behavior-mediated signaling (as assessed through ERK).
Materials and methods

Reagents
Reagents used were of the highest grade available and were obtained from Sigma Chemical (St. Louis, Mo., USA). Fluorescent probes, 2′,7′-dichlorofluorescin diacetate (DCFH-DA) and monochlorobimate (MBCL) to measure reactive oxygen species (ROS) and glutathione (GSH), respectively, were obtained from Molecular Probes (Ore., USA). Radioactive reagents ([ 32 P]-γ -ATP and 45 CaCl 2 ) were purchased from NEN Life Science Products (Boston, Mass., USA). ERK1 antibodies were purchased from Santa Cruz Biotechnology (Calif., USA; cat# sc-93).
Animals
Fifteen 6-month-old (young) and fifteen 22-month-old (old) male F344 rats were obtained from a colony maintained by the National Institute on Aging. These animals were used in compliance with all applicable laws and regulations and principles expressed in the National Institutes of Health, USPHS, Guide for the Care and Use of Laboratory Animals. This study was approved by the Animal Care and Use Committee of the Jean Mayer, United States Department of Agriculture Human Nutrition Research Center on Aging at Tufts University (Boston, Mass.).
Sample preparation
Rats were decapitated, and striatum, hippocampus, and frontal cortex were dissected on ice. Each distinct brain region from three rats from each age group described above were dissected, combined together, and processed as one experimental sample. There were five samples per each age group. Samples for biochemical measurements were chosen randomly and performed under control and oxidative stress conditions. Oxidative stress was induced by low physiological dose hydrogen peroxide (final concentration 5 μM). Experimental conditions were chosen based on analyses of several graded concentrations of hydrogen peroxide at different time points . Calcium flux was measured in crude membrane (P-2) and more purified synaptosomal fractions isolated from two samples as described previously ). P-2 fractions isolated from the remaining three samples were assessed for GSH, ROS, and ERK ).
Glutathione and reactive oxygen species Levels of oxidative stress induced by 5 μM hydrogen peroxide were monitored by measuring total ROS (i.e., superoxide radical, hydrogen peroxide and hydroxyl radical) and GSH concentrations in freshly prepared samples by using fluorescent methods as described previously Joseph et al. 1998) . GSH levels were assessed by using MBCL . Numerous studies implicate ROS production in biological systems as an oxidative stress marker (Beckman and Ames 1998) . The high reactivity and relative instability of ROS make them difficult to detect in biological systems. Therefore, we employed a widely accepted method that allowed us to quantify ROS based on their reaction with a detector molecule (i.e., a molecule that is oxidatively modified to produce a fluorescence signal) (LeBel et al. 1992 ). The method is based on oxidation of the nonfluorescent substrate 2′,7′-dichlorofluorescin (DCFH) to the fluorescent product 2′,7′-dichlorofluorescein (DCF). The esterified form of 2′,7′-dichlorofluorescin (DCFH), dichlorofluorescin diacetate (DCFH-DA), is capable of crossing cell membranes and then, as a result of deacetylation by intracellular esterases, forming a non-fluorescent DCFH, which in the presence of ROS rapidly oxidizes to highly fluorescent 2′,7′-dichlorofluorescein (DCF). Aliquots of brain samples were incubated with DCFH-DA (final concentration 50 μM) for 30 min., washed, and then exposed to 0 or 5 μM H 2 O 2 (LeBel et al. 1992 ).
Calcium flux
Calcium activity in P-2 and synaptosomal fractions was assessed based on measurement of 45 Ca flux under control and oxidative stress conditions as described previously . Briefly, aliquots of freshly isolated P-2 or synaptosomal fractions (1.3 mg protein/ml) were pre-incubated for 5 min at 37°C in the basal medium (BM: 136 mM NaCl; 5 mM KCl; 1.2 mM CaCl 2 ; 1.3 mM MgCl 2 ; 10 mM glucose; 20 mM Tris; pH 7.65) followed by exposure to 5 μM H 2 O 2 . In control samples, H 2 O 2 was equally replaced with basal media. The 45 Ca flux was initiated by transferring oxidized or non-oxidized samples into the basal or depolarizing medium (DM: 60 mM KCl; 1.2 mM CaCl 2 ; 1.3 mM MgCl 2 ; 10 mM glucose; 20 mM Tris; pH 7.65). Both media had previously been supplemented with 45 CaCl 2 (final concentration, 2 μCi/ml; specific activity, 2.1 mCi/ml). The reaction was stopped by rapid filtration of the samples through Whatman GF/B filters, followed by washing with icecold stop medium (SM: 136 mM NaCl; 5 mM KCl; 3 mM EGTA; 1.3 mM MgCl 2 ; 10 mM glucose; 20 mM Tris; pH 7.65) by using vacuum filtration (BRANDEL ML-48; USA). The radioactivity retained in the filters was measured by a liquid scintillation counter (WALLAC 1409) programmed for automatic quenching correction. The ratio between radioactivities calculated under depolarizing conditions (D-cond.) and basal conditions (B-cond.) was defined as Recovery. Extracellular-regulated kinase activity assay
The lysates from the oxidized and non-oxidized samples were analyzed for ERK activity as described previously (Hassan et al. 2002) . Briefly, oxidized and non-oxidized samples were extracted in 5 volumes of buffer: 25 mM HEPES pH 7.5, 0.3 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.05% Triton X-100, 20 mM β-glycerophosphate, 0.1 mM orthovanadate, 0.5 mM DTT, 0.4 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin, WCE buffer; for 30 min at 4°C. Extracts were then microfuged at 4°C for 15 min and the cleared lysates were frozen at −80°C. Protein A beads (15 ml per assay; Repligen Corporation) were washed with Triton Lysis Buffer (TLB: 20 mM Tris pH 7.4, 137 mM NaCl, 2 mM EDTA pH 7.4, 1% Triton X-100, 25 mM β-glycerophosphate, 1 mM sodium orthovanadate, 2 mM sodium pyrophosphate, 10% glycerol) and incubated with 10 μl ERK antibodies at room temperature. Beads were then incubated with experimental lysate at 4°C for 2 h. The kinase reaction was carried out by adding the following to the beads: 22 μl purified fusion protein, 1.6 μl 5X KB, 4.4 ml H 2 O, 1 μl 0.5 mM ATP, 1 μl [ 32 P]-γ -ATP; the beads were then incubated for 20 min at 30°C. This reaction was terminated by adding 20 μl buffer [0.125 M Tris-HCl, pH 6.8; 2% (wt/vol) SDS; 10% vol/vol glycerol; 2% vol/vol β-mercaptoethanol; and 0.01% bromophenol blue]. Samples were then boiled at 100°C for 3 min and analyzed by standardized SDS-PAGE and immunoblotting procedures. Proteins recognized by specific ERK1 antibodies in immunoblots were visualized by standard chemiluminescence methods (Renaissance ® , NEN-Life Science Products). Densitometry quantification of immunoblotted membranes was performed with a Molecular Dynamics Densitometer (Amersham Biosciences, Sunnyvale, Calif.).
Statistical analysis
The results of biochemical measurements were analyzed by analysis of variance (ANOVA) and Fisher Least-Significant-Difference (LSD) tests. All statistical analyses were performed using Systat version 10.0; (SPSS. Chicago, Ill.). All tests were two-sided. Results were considered statistically significant if the observed significance value was no greater than 0.05.
Results and discussion
Glutathione and reactive oxygen species
The level of oxidative stress was assessed by monitoring the levels of ROS and GSH in freshly isolated P-2 fractions exposed to 5 μM hydrogen peroxide for 15 min. The results show a significant (P<0.05) increase in the concentration of the ROS in the striatal (Fig. 1a) , hippocampal (Fig. 1b) and cortical (Fig. 1c) fractions. There was a significant difference in the accumulation in the ROS between the two age groups [F(2,8)=12.44; P=0.044]. The levels of the ROS were significantly higher in the old rats.
A number of studies demonstrated the crucial role of GSH in protecting cells from oxidative stress Liuzzi et al. 2003; Pillai et al. 2007) . Our data show that the accumulation of the ROS in the brain fractions exposed to oxidative stress were associated with decreases in GSH levels in evaluated fractions (Fig. 1) . Importantly, there were significant differences in GSH levels between young and old rats in the hippocampus [F(1,4)=11.23; P= 0.029; Fig. 1b] and frontal cortex [F(1,4)=19.43; P= 0.012; Fig. 1c] , and marginal significance in the striatum (P=0.074; Fig. 1a ). The decreases in GSH levels in response to oxidative stress were significantly higher in the hippocampal and cortical fractions isolated from the old rats. Our previous data impli- Fig. 1 Glutathione and reactive oxygen species. Glutathione (GSH) and reactive oxygen species (ROS) were assessed in P-2 fractions freshly isolated from the striatum (a), hippocampus (b), and frontal cortex (c) from young (-•-) and old (-○-) groups of F344 rats. The effect of oxidative stress, induced by hydrogen peroxide (final concentrations, 5 μM; 0-15 min) on GSH and ROS were assessed by using fluorescent methods for 96 well plates as described in Materials and Methods. Fluoresence was monitored on a Cyto Fluor Multi Well Plate Reader with λ Ex/Em at 360/460 nm (for GSH determination) and λ Ex/Em 485/530 nm (for ROS determination) (PerSeptive Biosystem, Framingham, Mass., USA) for 0-15 min. Data are means from three individual experiments ± SEM b cated GSH as an important determinant of calcium activity in PC12 cells (Denisova et al. 1999) . It appeared from that study that low levels of intracellular GSH in PC12 cells resulted in a decline in the ability of the cells to restore calcium recovery under oxidative stress conditions induced by 5 μM hydrogen peroxide. Repletion of GSH in PC12 cells with 20 mM N-acetylcysteine was sufficient to attenuate the damaging effect of oxidative stress on calcium recovery (Denisova et al. 1999) . Calcium recovery in the present study was assessed through 45 Ca flux as a function of age and oxidative stress.
Calcium flux and extracellular-regulated kinase activity Figure 2 represents the effect of aging and oxidative stress, induced by 5 μM H 2 O 2 , on 45 Ca flux in P-2 and synaptosomal fractions isolated from the striatum, hippocampus and frontal cortex of young and old rats. Our data support previous findings (Peterson and Gibson 1983; Michaelis et al. 1984; Martinez-Serrano et al. 1992; Foster and Norris 1997; Tanaka et al. 1996; Verkhratsky and Toescu 1998) and demonstrate a significant deficit in calcium activity in the brain with age. Age-related declines in 45 Ca flux were observed in both P-2 and synaptosomal fractions across brain regions in the absence of oxidative stress ( Fig. 2 ; see 0 μM cond.; striatum -P-2 fraction, P<0.01; synaptosomal fraction, P<0.03; hippocampus -P-2 fraction, P<0.01; synaptosomal fraction, P<0.001; frontal cortex -P-2 fraction, P<0.03; synaptosomal fraction, P<0.02). There was a significant dysregulation in calcium flux under oxidative stress conditions in both P-2 and synaptosomal fractions across evaluated brain regions (striatum -P-2 fraction, P<0.001; synaptosomal fraction, P<0.02; hippocampus -P-2 fraction, P<0.01; synaptosomal fraction, P<0.02; frontal cortex -P-2 fraction, P<0.01; synaptosomal fraction, P<0.01) ( Fig. 2 ; see 0 μM vs 5 μM H 2 O 2 ). P-2 fractions isolated from the young rats showed brain region-specific changes in calcium flux as a function of oxidative stress. Specifically, striatal and cortical P-2 fractions isolated from the young rats showed higher oxidative stress-induced dysregulation in calcium flux as compared to hippocampal fractions. However, P-2 fractions isolated from the old rats showed a significant dysregulation in calcium flux as a function of oxidative stress across all brain regions (Fig. 2) .
More purified synaptosomal fractions show higher oxidative stress-induced dysregulation in calcium flux with age as compared to P-2 fractions (P<0.04). The differences in calcium flux between P-2 and synaptosomal fractions may be partially attributed to the difference between these fractions in calcium sequestration mechanisms controlled by mitochondria, calcium binding proteins, and microsomes. Numerous morphological and biochemical data showed enrichment of P-2 fractions with mitochondria and microsomes, whereas synaptosomal fractions were enriched with neuronal membranes and synaptosomal mitochondria (Sun and Sun 1972; Rao et al. 1993; Gylys et al. 2000; Battino et al. 2001) . The essential role of the sequestration mechanisms for age-related calcium activity in synaptosomal membranes was reported in earlier studies (Michaelis et al. 1984 (Michaelis et al. , 1992 (Michaelis et al. , 1996 Satrustegui et al. 1996; Zaidi et al. 1998; Zaidi and Michaelis 1999) . By using modern gene microarray technology, Landfield and co-authors demonstrated a significant association between functional brain aging and gene regulation as a function of oxidative stress, inflammation, and calcium activity (Blalock et al. 2003) . They demonstrated that elevated intracellular calcium concentration reduced neuronal activity by activating inhibitory calcium-dependent conductances, and calcium-regulated genes (Blalock et al. 2003) . Moreover, this group showed that the viability and functions of the hippocampal neurons are mediated by the amplification of calcium influx and release with age (Thibault and Landfield 1996; Blalock et al. 2003) . The present findings show the differential effects of oxidative stress on calcium flux in brain regions with age that are dependent upon the brain areas examined and the fraction assessed. Fractions isolated from the hippocampus and frontal cortex of old rats showed a significantly higher sensitivity to oxidative stress as reflected through the dysregulation of calcium flux than fractions isolated from the young rats (P<0.01). Our present data showed that old rats expressed a significantly higher sensitivity to experimental oxidative stress than young rats.
The application of these findings in relation to aging and behavior clearly requires additional research. Numerous studies have demonstrated a significant enrichment of hippocampus and frontal cortex with cholinergic neurons (Wurtman 1992; Perry et al. 2005; Sahin et al. 2006 ). The dysfunction Ca flux were assessed in P-2 (a) and synaptosomal (b) fractions freshly isolated from the striatum, hippocampus, and frontal cortex of young and old F344 rats as described in Materials and Methods. Briefly, aliquots of P-2 or synaptosomal fractions (50 μl; at the protein concentration 1.3 mg protein/ml) were pre-incubated for 5 min at 37°C in the basal medium (BM: 136 mM NaCl; 5 mM KCl; 1.2 mM CaCl 2 ; 1.3 mM MgCl 2 ; 10 mM glucose; 20 mM Tris; pH 7.65) followed by exposure to 5 μM hydrogen peroxide. The 45 Ca flux was initiated by transferring oxidized or non-oxidized samples into the basal or depolarizing medium (DM: 60 mM KCl; 1.2 mM CaCl 2 ; 1.3 mM MgCl 2 ; 10 mM glucose; 20 mM Tris; pH 7.65).
Both media had previously been supplemented with 45 CaCl 2 (final concentration, 2 μCi/ml; specific activity, 2.1 mCi/ml). The reaction was stopped by rapid filtration samples through Whatman GF/B filters, followed by washing filters with ice-cold stop medium (SM: 136 mM NaCl; 5 mM KCl; 3 mM EGTA; 1.3 mM MgCl 2 ; 10 mM glucose; 20 mM Tris; pH 7.65) by using vacuum filtration (BRANDEL ML-48, U.S.A.). The radioactivity retained in the filters was measured by a liquid scintillation counter (WALLAC 1409) programmed for automatic quenching correction. Percent of Recovery at 30 s after depolarization was calculated as described in Materials and Methods. Data are means from two individual experiments ± SEM of the cholinergic neurons has been strongly associated with the behavioral deficits observed during normal aging and age-related neurodegeneration (Wurtman 1992; Sahin et al. 2006; Chwang et al. 2006; Fodale et al. 2006; Mowla et al. 2007 ). Our recent study also suggests that differential sensitivity to oxidative stress among various muscarinic receptor subtypes (Joseph and Fisher 2003) might also contribute to the previously observed behavioral and neuronal deficits. Our present data suggest that oxidative stress-induced dysregulation of calcium flux in the hippocampus and frontal cortex with age may be an important contributor to the deficit in functions of cholinergic neurons. In this respect, there is evidence that the viability and functions of cholinergic neurons are strongly associated with ERK activity. ERK is a member of a large family of serine/threonine protein kinases that function in signaling cascades that primarily mediate a variety of functions that include cellular growth and differentiation as well as survival in mammalian cells (Volmat and Pouyssegur 2001) . Extra cellular signal related kinases isoforms Fig. 3 Extracellular signal-regulated kinase activity. Extracellular signal-regulated kinase (ERK) activity was assessed in an aliquot of P-2 fractions from striatum (a), hippocampus (b), and frontal cortex (c) from young and old F344 rats. The enzyme activity was determined as described in Materials and Methods under control and oxidative stress conditions. The blots on the top of the figure represent the typical blot from samples exposed to 0 or 5 μM hydrogen peroxide. Data are means from three individual experiments ± SEM (ERK1/2) have been shown in numerous experiments to be important for neuroprotection, such as oxidative stress/inflammation which plays an important role in neurodegeneration (Cavanaugh et al. 2006) . The upregulation of ERK-mediated signaling has been implicated as a pro-survival neuronal mechanism against oxidative stress (Lee et al. 2006; Luo and DeFranco 2006; Abdul and Butterfield 2007; Boulos et al. 2007 ). Additional studies have provided evidence indicating that activation of ERK and the antiapoptotic B-cell CLL/lymphoma 2 (bcl-2) play a role in growth factormediated neuroprotection from 6-hydroxydopamine (6-OHDA) toxicity in a dopaminergic cells (Zigmond 2006) , hypoxia in cortical neurons (Ma and Quirion 2005) , protection from stroke (Mehta et al. 2007) , and a variety of oxidative stressors (McCubrey et al. 2006) . Similar findings have been reported regarding inflammation (Malemud 2006) .
The protein kinase B (Akt)-dependent signaling pathway is part of the MAPK/ERK induction system that is important in the regulation of cell growth and differentiation and is also important in mediating oxidative stress and inflammation. As with ERK, AKT, in addition to the oxidant-inducing conditions cited above, has also been shown to be effective along with ERK in stress conditions involving glaucoma (Tatton et al. 2003) , telomerase activity (Dong et al. 2007) , acute LPS-induced inflammatory responses (Zhang et al. 2007 ), endothelial cell protection by HDL (Norata and Catapano 2005) , the rescue of Fig. 3 (continued) AGE (2007) 29:191-203 neurons from MPTP-induced cell death (Weinreb et al. 2006) , N-methyl-D-aspartate receptors (NMDAR)-induced neuronal survival (Hetman and Kharebava 2006) , and inhibition of glycogen synthase kinase-3 (GSK3) in the prevention of cell death in neurodegenerative diseases (Takashima 2006) . The essential role of this enzyme for brain functions and behavior has been extensively studied (Blum et al. 1999; Sweatt 2004; Webber et al. 2005; Sahin et al. 2006; Lee et al. 2006) .
Our results show a significant difference in ERK activity between the two age groups in the different brain regions [F(1,4)=7.61; P=0.05; Fig. 3 ]. The agerelated difference in enzyme activity was particularly expressed in the frontal cortex (P=0.04). The exposure of cortical fractions to oxidative stress resulted in increased ERK in the young group of rats, and decreased enzyme activity in old rats [F(1,4)=9.53; P=0.037; Fig. 3c ]. Our previous data showed that decreases in brain GSH levels produced deficits in motor and cognitive behavior in young Fischer 344 rats similar to those seen in old animals (Shukitt-Hale et al. 1997 . Present data suggests that oxidative stress-induced decreases in GSH followed by decreases in ERK activity in the cortex in the old rats may contribute to the previously reported behavioral deficit observed in the Fisher rats with age.
The increase in enzyme activity by high dose hydrogen peroxide has been previously reported (Abe et al. 1998) . Our results showed that low physiological dose of hydrogen peroxide were not sufficient to alter Fig. 3 (continued) enzyme activity in the striatal (Fig. 3a) and hippocampal ( Fig. 3b) fractions. Oxidative stress-induced changes in the ROS and GSH are important mediators of the agerelated differences in the calcium flux and ERK activity in the fractions isolated from the frontal cortex. This is the first study, to our knowledge, that demonstrates age-related differential sensitivity to oxidative stress as a function of behavior-mediated signaling and stress levels among different fractions isolated from the brain regions controlling behavior.
